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ABSTRACT

Nitrate and benzene are commonly identified contaminants in groundwater. In this study, a series of
TiO, supported Pt-Cu bimetallic catalysts were prepared and photocatalytic nitrate reduction in the
presence of benzene was investigated. The catalysts were characterized by XRD, N, adsorption, TEM,
X-ray photoelectron spectroscopy and IR spectroscopy of CO adsorption. The results showed that Pt-Cu
alloy was formed in TiO, supported bimetallic catalysts except for the bimetallic catalyst with TiO, cal-
cined at 700°C as the support. In addition, higher alloy dispersion and smaller metal particle sizes could
be obtained on TiO, calcined at 300 °C compared to those calcined at 500 and 700 °C. For photocatalytic
nitrate reduction in the presence of benzene, nitrate was mainly converted to ammonia or nitrite over
Pt/TiO, or Cu/TiO,, respectively, whereas TiO, supported Pt-Cu bimetallic catalysts exhibited a consid-
erable N, selectivity for photocatalytic nitrate reduction. The catalytic activity and N, selectivity of the
supported bimetallic catalyst was strongly dependent on TiO, calcination temperature, Pt/Cu ratio and
metal loading amount. The bimetallic catalyst with TiO, calcined at 300°C as the support, Pt loading
amount of 5wt.% and Pt/Cu ratio of 4/1 displayed higher N, selectivity compared with other bimetallic
catalysts. The present results demonstrate the selective nitrate reduction over Pt-Cu/TiO, catalysts with
benzene as the hole scavenger, highlighting the validity of simultaneous removal of aqueous nitrate and
benzene by photocatalysis.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Groundwater serves as an important drinking water source in
the world, whereas groundwater environment is highly vulnerable
to human activity-related contamination. Nitrate contamination
originating from agricultural activities and urban development is
ubiquitous in groundwater and may pose serious risks to human
health [1]. Moreover, nitrate is usually present together with a
complex suite of organic contaminants, among which petroleum
hydrocarbons are frequently identified in groundwater due to acci-
dental surface release and improper disposal of petroleum products
[2]. As one of the priority pollutants regulated by the U.S. Environ-
mental Protection Agency [3] benzene is unanimously considered
to be the most recalcitrant toward biotic degradation among
petroleum hydrocarbons [4,5]. To comply with corresponding reg-
ulations, a variety of treatment methods have been developed to
effectively remove nitrate or benzene in groundwater [6-9].

It has been well recognized that photocatalysis is capable of
eliminating inorganic or organic pollutants in water via either
oxidation or reduction mechanism. The photocatalytic pollutant
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abatement is implemented via the excitation of electrons from the
valence band to the conduction band of the semiconductor upon
absorption of photons with energy greater or equal to the band
gap energy, by which the excited electrons or holes can be further
utilized to reduce or oxidize pollutants [10-12].

Benzene in water can be degraded and eventually mineral-
ized using the photocatalytic approach. For example, Izumi et al.
[13] studied the photocatalytic benzene degradation over TiO, and
platinized TiO, in water and detected intermediate phenol and
mineralization product CO,. Turchi and Ollis [9] systematically
studied photocatalytic decomposition of benzene in TiO, slurry
system and found that the benzene decomposition processed via
the hydroxylation of benzene to generate primary degradation
intermediates, such as phenol and quinone, followed by complete
mineralization. Furthermore, Hashimoto et al. [14] investigated the
photocatalytic degradation of aliphatic and aromatic compounds
and observed considerable H; evolution during benzene degrada-
tion over Pt/TiO,.

Photocatalytic nitrate reduction has also been intensively inves-
tigated. It is general consensus that the presence of hole scavenger
is essential for the effective nitrate reduction although direct nitrate
reduction has been also attempted in the absence of hole scavenger
[15-17]. In addition, hole scavenger type plays a crucial role in the
photocatalytic nitrate reduction. Different hole scavengers, such as
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alcohols, small molecule organic acids and humic acid, were tested
in the photocatalytic nitrate reduction and formic acid was proven
to be the most effective one in terms of nitrate conversion and N
selectivity [18-22]. Moreover, nitrate reduction is strongly depen-
dent on the properties of the photocatalysts. For example, Ohtani
et al. [23] studied the photocatalytic reduction of nitrate over TiO;
and attributed the low photocatalytic activity of TiO, to the low
tendency of nitrate to react directly with excited electrons. Kom-
inami et al. [24] compared different metallized TiO, catalysts for
nitrate reduction and found that Ag or Cu loaded TiO, showed the
highest activity and NHj3 selectivity. Gao et al. [25] studied photo-
catalytic nitrate reduction over TiO, supported monometallic and
bimetallic catalysts in the presence of oxalic acid and concluded
that Ni-Cu/TiO, was effective for the selective nitrate reduction.
Kominami et al. [21] first observed the selective reduction of aque-
ous nitrate to Ny over TiO, supported Pd and Pd-Cu catalysts in
the presence of oxalate anions. Zhang et al. [22] studied nitrate
reduction over Ag/TiO, with fine silver clusters and also observed
selective nitrate reduction to nitrogen with substantially higher
nitrate reduction efficiency than that of catalytic nitrate hydrogena-
tion. More recently, Sa et al. [18] systematically investigated the
photocatalytic nitrate reduction on metal modified TiO, catalysts
and highly effective nitrate reduction were achieved over silver
modified titania Hombikat with formic acid as the hole scavenger. It
should be emphasized that in the literatures small molecule organic
acids were artificially introduced as the effective hole scavengers
for photocatalytic nitrate reduction. Nitrate reduction by photocat-
alytic approach with organic pollutants as hole scavengers has not
yet, to our knowledge, been reported.

The goal of this work was to study the photocatalytic nitrate
reduction over metallized TiO, catalysts with benzene as the hole
scavenger considering the common occurrence of nitrate and ben-
zene in groundwater. A series of TiO, supported monometallic and
bimetallic catalysts were prepared and characterized by XRD, N,
adsorption, TEM, XPS and IR spectroscopy of CO adsorption. The
impacts of catalyst properties on the photocatalytic nitrate reduc-
tion were systematically investigated.

2. Experimental
2.1. Catalyst preparation

TiO, precursor was prepared using the sol-gel method. Briefly,
amixture of 20 ml distilled water and 20 ml isopropanol was added
slowly to a mixture of 40 ml titanium tetraisobutyloxide and 200 ml
isopropanol under vigorous stirring. The resulting gel was recov-
ered by centrifugation followed by repeated washing with distilled
water. TiO, precursor was subsequently obtained by drying the gel
at80°C for 12 h. Different TiO, supports were prepared by calcining
TiO, precursor at 300, 500 and 700°C for 4 h. TiO, support cal-
cined at 300, 500 or 700°C is referred to as Ti300, Ti500 or Ti700,
respectively.

Supported monometallic and bimetallic catalysts were prepared
using the conventional wet impregnation method. Typically, TiO,
support was impregnated by H, PtClg or/and Cu(NOs ), solution fol-
lowed by drying at 100°C for 2 h, calcining at 300 °C under air for
2 h and subsequently reducing at 300 °C under H, atmosphere for
4 h. The resulting monometallic or bimetallic catalyst is denoted as
Pt(x)-Cu(y)/Tiz, where x, y and z are Pt content (wt.%), Cu content
(wt.%) and calcination temperature of TiO, support, respectively.

2.2. Catalyst characterization

X-ray diffraction (XRD) patterns of the catalysts were recorded
on a Rigaku D/max-RA powder diffraction-meter. The average

particle sizes of the samples were calculated from XRD patterns
using the Scherrer equation [26]. Brunauer-Emmett-Teller (BET)
surface areas of the catalysts were measured using the nitrogen
adsorption method on a Micromeritics ASAP 2200 instrument at
—196°C (77 K). Transmission electron microscopy (TEM) images
of the samples were collected on a Hitachi H-800 transmission
electron microscope. X-ray photoelectron spectroscopy (XPS) was
performed on a Perkin-Elmer PHI-550 instrument equipped with a
monochromatized Al Ka X-ray source (hv=1486.6eV) and a hemi-
spherical electron analyzer. The C 1s peak (284.6 eV) was used for
the calibration of binding energy values. The pressure in the ana-
lytical chamber was about 2 x 102 Pa.

CO adsorption was followed by IR spectroscopy in a vacuum
IR system. The sample (approximately 10 mg) was pressed into
self-supporting wafer and placed in an IR cell connected to a vac-
uum system. The sample was in situ reduced in H, atmosphere
by heating to 300°C at the rate of 10°Cmin~! and holding at this
temperature for 1 h. After cooled to room temperature, the sample
was exposed to 15 mbar CO for 30 min. Upon evacuation at about
10~> mbar for 30 min, IR spectra were then recorded at ambient
temperature using a Nicolet 5700 FT-IR spectrometer at 4 cm™!
resolution.

2.3. Photocatalytic reaction

Photocatalytic reaction was carried out in a NDC photo-reactor
equipped with a 500 ml cylindrical Pyrex vessel irradiated directly
by a high pressure mercury lamp (250 W), which is shown in Fig. S1.
Preliminary experiments showed that the activity and selectiv-
ity of photocatalytic nitrate reduction over supported bimetallic
catalysts in the presence of benzene was approximately identi-
cal in a pH range of 4.2-6.0. Thus all photocatalytic reactions
were preformed at pH around 5.8. In a typical run, 0.5¢g of the
catalyst was suspended in 500 ml distilled water and the sus-
pension system was purged by N, for 30 min. Nitrate solution
or/and benzene stock solution was added to the suspension solu-
tion to obtain about 60mgl-! nitrate or/and 10mgl-! benzene.
The suspension was further stirred in the dark for 60 min to reach
the adsorption equilibrium prior to the photocatalytic test. Dur-
ing the photocatalytic reaction, samples were taken at selected
intervals and the catalyst particles were removed by centrifu-
gation. The residual nitrate concentration was determined using
UV/Vis spectrophotometer at wavelength of 220 nm. The nitrite
concentration was determined using UV/Vis spectrophotometer at
540 nm using the naphthylamine analytical procedure. The concen-
tration of ammonium ion was analyzed using the Nessler method
[27]. The residual benzene concentration in the solution was ana-
lyzed using gas chromatography equipped with a FID detector by
extracting the aqueous phase with hexane and toluene was used
as the internal standard. Benzene degradation intermediates, phe-
nol, were determined using HPLC (Agilent 1200), equipped with
an ultraviolet (UV) detector and a C18 reversed phase column
(250 mm x 4.5 mm, 5 um, Agilent, USA) at 30 °C. The mobile phase
is acetonitrile-water (50/50, v/v) with a flow rate of 1.0mlmin~1.
The average activity is defined as the specific removal rate of nitrate
within 4 hreaction time and N, selectivity is calculated according to
Eq.(1):

__[nitrate]y — [nitrate]; — [nitrite], — [ammonia];

SN, = - -
N2 [nitrate]y — [nitrate],

x 100% (1)

where Sy, is N; selectivity, [nitrate]p is the initial nitrate concen-
tration, and [nitrate];, [nitrite]; and [ammonia]; are the residual
concentration of nitrate, nitrite and ammonia after reaction for 4 h,
respectively.
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Fig. 1. XRD patterns of TiO, and TiO, supported catalysts.

3. Results and discussion
3.1. Material characterization

XRD patterns of TiO, samples and supported bimetallic catalysts
are compared in Fig. 1. Both Ti300 and Ti500 consisted of typi-
cal anatase phase, while for Ti300 low peak intensity and broad
diffraction peaks were observed, suggesting a lower content of
anatase phase in Ti300 and smaller particle sizes of Ti300 com-
pared to Ti500. Further increasing the calcination temperature of
TiO, precursor from 500 to 700 °C led to the transformation of TiO,
crystalline phase from anatase to rutile. The particle sizes of TiO,
supports were calculated based on XRD patterns using Scherrer
equation [26] and the results are listed in Table 1. The average par-
ticle sizes of Ti300, Ti500 and Ti700 were estimated to be 9.2, 17.0
and 63.2 nm, respectively, indicative of the increased TiO, particle
size with increasing calcination temperature. In parallel, N, adsorp-
tion results showed that increasing TiO, calcination temperature
led to decreased BET surface area of TiO, support due to the crystal
growth at high calcination temperature [28,29]. For TiO, supported
bimetallic catalysts, the crystalline phases and particle sizes of TiO,
supports kept approximately identical to those before impregna-
tion and reduction, reflecting that TiO, supports are virtually stable
during impregnation and reduction processes. It is noteworthy
that in comparison with TiO, supports new diffraction peaks were
observed in TiO, supported bimetallic catalysts. In order to clearly
elucidate the superficial metal properties, Pt(5)/Ti700 was pre-
pared and its XRD pattern is also compiled in Fig. 1. For Pt(5)/Ti700,
new diffraction peaks were observed with 26 at 39.8° and 46.3°,
characteristic of typical Pt metal with fcc crystallographic struc-
ture [30]. Similarly, the diffraction peaks with 26 at 39.7° and 46.2°
were also visible in Pt(5)-Cu(1.25)/Ti700, indicative of the pres-

Table 1
Structural properties of TiO, and TiO, supported bimetallic catalysts.

ence of Pt metal in Pt(5)-Cu(1.25)/Ti700. For Pt(5)-Cu(1.25)/Ti300
and Pt(5)-Cu(1.25)/Ti500, however, much weaker and broader
diffraction peaks were observed at about 40.9°, suggesting dif-
ferent metal compositions from that in Pt(5)-Cu(1.25)/Ti700. The
deviation of the diffraction peak positions from those of typical Pt
metal can be attributed to the formation of Pt-Cu alloy in both
Pt(5)-Cu(1.25)/Ti300 and Pt(5)-Cu(1.25)/Ti500 [30], and the shift
of Pt-Cu alloy diffraction peaks to large 26 is intrinsically indica-
tive of decreased cell parameters as a result of incorporation of Cu
with comparatively small atomic radius into Pt metal lattice. Fur-
thermore, the low peak intensities and broad diffraction peaks of
Pt-Cu alloys in Pt(5)-Cu(1.25)/Ti300 and Pt(5)-Cu(1.25)/Ti500 are
characteristic of metal species with relatively small particle sizes,
reflecting much higher metal dispersions over Ti300 and Ti500
compared to Ti700. It should be pointed out that the similar metal
diffraction peaks in Pt(5)-Cu(1.25)/Ti700 to those in Pt(5)/Ti700
suggests the absence of Pt-Cu alloy in Pt(5)-Cu(1.25)/Ti700. In prin-
ciple, the formation of Pt-Cu alloy on support surface can be well
interpreted using a “catalyzed reduction” mechanism [31,32]. Dur-
ing H, reduction process, metallic Pt particles are formed prior to
the reduction of the Cu precursor due to the lower reduction tem-
perature of the Pt precursor compared to the Cu precursor. The
resultant Pt particles subsequently act as the catalytically active
sites to provide split-over hydrogen for the reduction of surface Cu
precursor, leading to the deposition of metallic Cu on Pt particle
surface and to the subsequent formation of Pt-Cu alloy as a result
of metallic Cu diffusion into Pt metal lattice. For Ti300 and Ti500,
the high BET surface areas of TiO, supports lead to the facile for-
mation of fine Pt particles, facilitating metallic Cu diffusion into Pt
metal lattice and the subsequent formation of Pt-Cu alloys. In the
case of Ti700, in contrast, the low specific surface of TiO, support
results in a low Pt metal dispersion as well as large Pt particle sizes
and, therefore, metallic Cu diffusion into Pt metal lattice and the
formation of Pt-Cu alloy is markedly suppressed, resulting in the
absence of Pt-Cu alloy in Pt(5)-Cu(1.25)/Ti700.

The findings are further supported by TEM observations of
the catalysts. TEM images and histograms of metal particle size
distributions of Pt(5)-Cu(1.25)/Ti300, Pt(5)-Cu(1.25)/Ti500 and
Pt(5)-Cu(1.25)/Ti700 are compared in Figs. 2 and 3, respectively.
For TiO, supported bimetallic catalysts, the particle sizes of
TiO, supports were found to be approximately 8-14, 15-25
and 80-200nm in Pt(5)-Cu(1.25)/Ti300, Pt(5)-Cu(1.25)/Ti500
and Pt(5)-Cu(1.25)/Ti700, respectively. Moreover, relatively
small metal particles were distinguished in Pt(5)-Cu(1.25)/Ti300
and Pt(5)-Cu(1.25)/Ti500, whereas considerably large metal
particles with particle sizes varied from 1 to 30nm were
identified in Pt(5)-Cu(1.25)/Ti700. As shown in Fig. 3, in par-
allel, much narrow distributions of metal particle sizes were
observed in Pt(5)-Cu(1.25)/Ti300 and Pt(5)-Cu(1.25)/Ti500
compared with Pt(5)-Cu(1.25)/Ti700. The average metal par-
ticle sizes in Pt(5)-Cu(1.25)/Ti300, Pt(5)-Cu(1.25)/Ti500 and
Pt(5)-Cu(1.25)/Ti700 were estimated to be 2.3, 3.4 and 11.7 nm,
respectively, indicating much smaller metal particle sizes in
Pt(5)-Cu(1.25)/Ti300 and Pt(5)-Cu(1.25)/Ti500 compared to

Sample TiO, crystalline phase Sper (M2 g 1) TiO, particle size (nm) Average metal particle size (nm)
XRD TEM

Ti300 Anatase 131.5 9.2 - -

Pt(5)-Cu(1.25)/Ti300 Anatase 105.9 8.9 8-14 23

Ti500 Anatase 59.9 17.0 - -

Pt(5)-Cu(1.25)/Ti500 Anatase 56.9 17.4 15-25 34

Ti700 Rutile 1.1 63.2 - -

Pt(5)-Cu(1.25)/Ti700 Rutile 1.0 63.2 80-200 11.7
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Fig. 2. Transmission electron micrographs of Pt(5)-Cu(1.25)/Ti300, Pt(5)-Cu(1.25)/Ti500 and Pt(5)-Cu(1.25)/Ti700.

Pt(5)-Cu(1.25)/Ti700. This further demonstrates that metallic
species can be well dispersed over TiO, support calcined at low
temperature.

XPS analysis can provide information of the oxidation
states and compositions of the superficial metals. The XPS
spectra of Pt(5)-Cu(1.25)/Ti300, Pt(5)-Cu(1.25)/Ti500 and
Pt(5)-Cu(1.25)/Ti700 in the Cu 2p and Pt 4f regions are depicted in
Fig. 4. The Cu 2p and Pt 4f spectra normalized by the corresponding
atomic sensitivity factors were used to determine surface atomic
concentrations [33]. Pt surface concentrations were calculated
using the Pt 4f spectra by subtracting Cu 3p peak estimated from
the Cu 2p spectra because Pt 4f spectra were partially overlapped
by the Cu 3p spectra. The parameters of XPS spectra and estimated
surface metal ratios are listed in Table 2. As shown in Fig. 4a, the
binding energies of the Cu core line 2p3/, were centered at about
932.3 eV, reflecting the presence of Cu® in the supported bimetallic
catalysts [34]. It is noteworthy that in Pt(5)-Cu(1.25)/Ti700 a well
resolved shake-up satellite was observed at 943.6 eV, characteristic
of the multiple splitting from typical Cu?* species [35]. Larsson
and Andersson [35] concluded that the intensity ratio of the Cu 2p
shake-up satellite to the Cu 2p3, peak varied from 0.42 to 0.52 for
CuO/TiO, catalysts. However, the ratio of the shake-up satellite to
the Cu 2p3p, peak in Pt(5)-Cu(1.25)/Ti700 was found to be 0.24
and the lower ratio suggests the presence of both Cu® and Cu?*
species, probably due to the partial oxidation of metal Cu upon
exposure to air. In contrast, the shake-up satellite characteristic
of Cu?* species was absent in both Pt(5)-Cu(1.25)/Ti300 and
Pt(5)-Cu(1.25)/Ti500, which can be attributed to the stabilization
of metal Cu against oxidation via formation of Pt—Cu alloy [36].
For the Pt 4f spectra, the Pt 4f signal consisted of typical doublet
with Pt f;), located at around 71.4eV, assigned to metallic Pt
[37,38]. The Pt/Cu atomic ratios were estimated to be 1.02, 1.04
and 0.23 for Pt(5)-Cu(1.25)/Ti300, Pt(5)-Cu(1.25)/Ti500 and
Pt(5)-Cu(1.25)/Ti700, respectively, indicative of considerable
surface Cu enrichment in the catalysts probably associated with
the aggregation of metallic Cu over Pt surface. It should be pointed
out that Pt/Cu ratio in Pt(5)-Cu(1.25)/Ti300 is approximately
identical to that in Pt(5)-Cu(1.25)/Ti500 and markedly higher than
that in Pt(5)-Cu(1.25)/Ti700, which mainly results from the facile
diffusion of metallic Cu into Pt lattice and the formation of Pt-Cu
alloy in Pt(5)-Cu(1.25)/Ti300 and Pt(5)-Cu(1.25)/Ti500.

Table 2
Parameters of XPS spectra and surface atom ratios.
Sample Binding energy (eV) Atomic ratio
Pt 4f7/2 Cu 2p3p, Pt/Cu
Pt(5)-Cu(1.25)/Ti300 714 932.2 1.02
Pt(5)-Cu(1.25)/Ti500 71.4 932.1 1.04
Pt(5)-Cu(1.25)/Ti700 71.6 9324 0.23

Fig. 5a shows IR spectra of CO adsorption on different catalysts
after evacuation at room temperature for 30 min. For Pt(5)/Ti300, a
broad IR band around 2080 cm~! with a shoulder at 2052 cm~'and
a weak IR band around 1846 cm~! were observed. The broad IR
band with maximum at 2080cm~! and a shoulder at 2052 cm™!
are assigned to linear CO adsorption [39-41] and the broad nature
of linear CO adsorption can be attributed to either CO adsorption
on the planes, edges and corners of Pt particles or CO adsorption
on Pt crystallites with varied particle sizes [42]. The weak IR band
around 1846 cm~! is assigned to the bridged form of adsorbed CO
on Pt particles [43,44]. For CO adsorption on Pt(5)-Cu(1.25)/Ti300
and Pt(5)-Cu(1.25)/Ti500, similar IR patterns were obtained and
the IR bands characteristic of linear CO adsorption were observed
at 2048 cm~!, indicative of a considerable red shift of linear CO
adsorption compared with that on Pt(5)/T300. Shpiro et al. [45]
studied HZSM-5 supported Pt-Cu alloy and attributed the red
shift of IR bands characteristic of linear CO adsorption to the
electron donation of Cu to Pt. In addition, the similar IR band
position of linear CO adsorption over Pt(5)-Cu(1.25)/Ti300 to that
over Pt(5)-Cu(1.25)/Ti500 implies similar surface compositions of
Pt-Cu alloys, which is consistent with the similar Pt/Cu ratios of
the catalysts (see Table 2). For Pt(5)-Cu(1.25)/Ti700, however, the
bands characteristic of CO adsorption on Pt were not observed.
This can be ascribed to the low adsorbed CO concentration result-
ing from both Cu enrichments over Pt surface as indicated by
XPS analysis and large Pt particles [41]. The surface properties
of Pt-Cu alloy are also correlated to Pt/Cu ratio in the bimetallic
catalyst. IR spectra of CO adsorption on the supported bimetal-
lic catalysts with varied Pt/Cu ratios are compiled in Fig. 5b. IR
bands characteristic of linear CO adsorption were observed at 2080,
2058, 2048 and 2035cm~! for Pt(5)/T300, Pt(5)-Cu(0.83)/Ti300,
Pt(5)-Cu(1.25)/Ti300 and Pt(5)-Cu(2.5)/Ti300, respectively, indica-
tive of an increased red shift as well as increased Cu content in Pt-Cu
alloy with the increase of Cu content in the bimetallic catalysts.

3.2. Photocatalytic nitrate reduction

3.2.1. Photocatalytic mechanism

For photocatalytic nitrate reduction over Ti300, Cu/Ti300,
Pt/Ti300 or Pt-Cu/Ti300, no distinct nitrate conversion was
observed after photocatalytic reaction for 4 h probably due to the
absence of the hole scavenger in the reaction systems. In the pres-
ence of 10mgl-! benzene, photocatalytic nitrate reduction over
Ti300, Cu(1.25)/Ti300 and Pt(5)/Ti300 is described in Fig. 6. For
Ti300, minor nitrate was found to be converted to ammonia. Ohtani
et al. [23] studied photocatalytic nitrate reduction on TiO, with
2-propanol as the hole scavenger and observed low nitrate conver-
sion, which was attributed to the incapability of directly utilizing
the excited electrons by nitrate. In contrast, Sa et al. [18] observed
substantial nitrate conversion over TiO, with formic acid as the hole
scavenger, suggesting that photocatalytic nitrate reduction over
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TiO, is highly dependent on the nature of hole scavenger. For pho-
tocatalytic nitrate reduction with formic acid as the hole scavenger,
Sa et al. and Zhang et al. suggested that nitrate could be effectively
reduced by reductive carboxyl anion radicals generated from pho-
tocatalytic formic acid decomposition [18,22,46]. However, Teoh
et al. [47] pointed out that unlike formic acid no reductive radicals
were directly generated during photocatalytic phenol degradation.
In parallel, the absence of reductive radicals from photocatalytic
benzene degradation can be reasonably expected due to its similar
degradation pathway to that of phenol. It should be pointed out
that prior to the complete mineralization of benzene a variety of
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small molecule organic acids can be formed [9,13,14]. These small
molecule organic acids may serve as the precursors of reductive
radicals for nitrate reduction, reflected by the fact that photo-
catalytic nitrate reduction over Ti300 mainly occurs in the later
reaction stage instead of the initial stage. It should be empha-
sized that due to the relatively low concentration of small molecule
organic acids generated during photocatalytic benzene degradation
nitrate reduction directly by reductive radicals only plays a minor
role, evidenced by the fact that only minor nitrate was converted
with TiO, as the photocatalyst.

For Cu(1.25)/Ti300, a substantial amount of nitrate was con-
verted to nitrite after reaction for 1 h and the nitrite concentration
gradually decreased in concomitance with the slow increase of
nitrate concentration in succedent 3 h. Bae et al. [48] studied nitrate
adsorption on Cu(100) and observed the reduction of nitrate to
nitrite. Epron et al. [49] further pointed out that nitrate could
be feasibly reduced by metallic Cu via a chemical redox mech-
anism. Therefore, the evolution of nitrite during photocatalytic
nitrate reduction over Cu(1.25)/Ti300 is understandable assum-
ing the directly reduction of nitrate by metallic Cu to nitrite via
a chemical redox process. It is noteworthy that after photocat-
alytic reaction for 1h approximately 37% nitrate is converted to
nitrite, which is stoichiometrically higher than the Cu content in
Cu(1.25)/Ti300. This suggests a photocatalytic process involved in
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Fig. 7. Photocatalytic nitrate reduction over Pt(5)-Cu(1.25)/Ti300.

the nitrate reduction over Cu(1.25)/Ti300, by which the oxidized
Cu is photocatalytically reduced by excited electrons in the pres-
ence of hole scavenger. After the depletion of hole scavenger, nitrite
oxidation to nitrate over TiO, surface dominates [50], leading to
the continuous conversion of nitrite to nitrate. As for photocat-
alytic nitrate reduction over Pt(5)/Ti300, approximately 20% nitrate
was selectively converted to ammonia in the initial reaction stage.
Kudo et al. observed enhanced nitrate conversion to ammonia after
platinization of TiO, and SrTiO3 and attributed the enhanced con-
version to nitrate reduction by H, on Pt surface [51,52]. It should be
pointed out that H, evolution is usually observed during the photo-
catalytic decomposition of organic pollutants over platinized TiO,
[14,53]. It is noteworthy that after photocatalytic reaction for 4 h
the sum of nitrate, nitrite and ammonia were found to be 0.91, 0.90
and 0.88 mmol I~ for nitrate reduction over Ti300, Cu(1.25)/Ti300
and Pt(5)/Ti300, respectively, approximately identical to that of ini-
tial nitrate concentration (0.92 mmol 1-1), implying that there is not
direct reaction between nitrate, nitrite or ammonia and organic
species under our reaction conditions, and no N, selectivity can
be achieved in the presence of TiO, or supported monometallic
catalyst.

In contrast to supported monometallic catalysts, TiO, supported
bimetallic catalysts exhibited very different catalytic behavior for
photocatalytic nitrate reduction. The photocatalytic removal of
nitrate over Pt(5)-Cu(1.25)/Ti300 is compiled in Fig. 7. Nitrate
concentration prominently decreased in first 20 min and slowly
declined afterwards. In addition, the intermediates and products
from nitrate reduction, nitrite and ammonia, were also identi-
fied. The evolution of nitrite was found to be in the first 60 min
with a maximum concentration of 4.0mgl-! at 25min and the
majority of ammonia was formed in the first 20 min and remained
approximately identical afterwards. The observed decreased cat-
alytic activity of Pt(5)-Cu(1.25)/Ti300 after reaction for 20 min is
probably due to catalyst deactivation or depletion of hole scav-
enger during the reaction process. To verify catalyst stability, the
catalyst was recycled and the catalytic activities of the first and
second recycled catalyst were found to be 59% and 37% of the fresh
catalyst after photocatalytic nitrate reduction for 4 h (see Fig. S2),
indicative of gradual deactivation of the catalyst for photocatalytic
nitrate reduction. To verify possible Cu leaching from the catalyst,
the solution after photocatalytic reaction was subjected to atomic
absorption spectroscopy analysis (Hitach Z-8100, Japan) and no
Cu?* was detected in the solution, implying that the catalyst deacti-
vation possibly results from irreversible adsorption of degradation
products.

In parallel, benzene degradation was also monitored and the
result is presented in Fig. S3. Benzene as well as its degra-
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dation product phenol was completely degraded within first
10 min, suggesting that the markedly declined catalytic activity of
Pt(5)-Cu(1.25)/Ti300 may also related to the depletion of hole scav-
enger. Considering benzene depletion during nitrate reduction, the
influence of benzene concentration on photocatalytic nitrate reduc-
tion was investigated and the result is shown in Fig. S4. Increasing
benzene concentration from 5 to 10mgl-! led to the increased
activity from 7.3 to 9.1mgh~! geac~!, whereas further increase
of benzene concentration resulted in decreased catalytic activity,
probably due to the inhibited nitrate adsorption over the catalyst
by increased benzene concentration. It is interesting to note that
after benzene and its primary degradation products, e.g. phenol, are
completely degraded nitrate concentration slowly decreases, sug-
gesting that other intermediates from benzene degradation, such
as small molecule organic acids, can also serve as effective hole
scavengers.

As shown in Fig. 7 Pt(5)-Cu(1.25)/Ti300 displayed considerable
N, selectivity, indicating that the coexistence of metallic Cu and Pt
is crucial for selective nitrate reduction. For Pt(5)-Cu(1.25)/Ti300,
the results of XRD, CO adsorption IR and XPS analysis demonstrate
the presence of Pt-Cu alloy on Ti300 surface. Therefore, nitrate can
be feasibly reduced to nitrite by metallic Cu via a redox process.
The oxidized Cu can be subsequently reduced either directly by
excited electrons or mediated by Pt [54,55], which reactivates the
bimetallic catalyst and facilitates the further reduction of nitrate
to nitrite. The resultant nitrite tends to be chemically adsorbed on
metallic Pt sites due to its strong adsorption affinity to metallic Pt
sites [56], leading to the consequent reduction of nitrite to N, or
ammonia by H, on Pt surface.

Based on above analysis, the possible mechanism for photocat-
alytic nitrate reduction with benzene as the hole scavenger over
TiO, supported Pt-Cu bimetallic catalyst can be briefly summarized
as follows:

Pt-Cu/TiO; + hv— ecg™ +hyg™ (2)
NO;~ +Cu — Cu’* +NO,~ 3)
Benzene + hyg™ — intermediates + hyg™ — CO, (4)
H* +ecg~ /Pt — (1/2)H,/Pt (5)
Cu’*+ecg™ /Pt — Cu (6)
2NO,~ +2H" 4+ 3H, /Pt — N3 4+4H,0 (7)
NO,~ +H" 4(6/2)H, /Pt — NH3 +2H,0 (8)
NO,~ 4+ Hy0% + 2hyg* — NO3~ +2H* 9)

3.2.2. Influence of catalyst properties on the removal of benzene
and nitrate

The supported bimetallic catalyst structurally consists of TiO;
support and superficial metals. TiO, support is responsible for
the generation of charge carriers upon light irradiation and for
subsequent benzene degradation. Superficial metals act as the
appropriate active sites for the reduction of nitrate and nitrite. The
delicate interplay between TiO, support and superficial metals may
play an important role in controlling the activity and selectivity
of the bimetallic catalyst for the photocatalytic nitrate reduction.
For example, superficial metal dispersion and alloy composition
is closely linked to TiO, properties, while surface metallization of
TiO, may exert marked impact on TiO, photo-induction efficiency
via formation of Schottky-type barrier, blocking of oxidation sites
[57,58], and shield-effect [59,60].

TiO, property is dependent on calcination temperature, which
may directly influence the catalytic activity and selectivity of
the supported bimetallic catalyst. For supported bimetallic cata-
lysts, benzene as well as the primary intermediates was found
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Fig. 8. Catalytic activities and N, selectivities of Pt(5)-Cu(1.25)/Ti300,
Pt(5)-Cu(1.25)/Ti500 and Pt(5)-Cu(1.25)/Ti700. Filled symbols denote catalytic
activities and open symbols denote N, selectivities.

to be fast degraded within 10min and, therefore, only nitrate
reduction will be discussed in details afterward. After reaction
for 4h, the activities and N, selectivities of Pt(5)-Cu(1.25)/Ti300,
Pt(5)-Cu(1.25)/Ti500 and Pt(5)-Cu(1.25)/Ti700 are compiled in
Fig. 8. The photocatalytic activities were found to be 9.1, 4.8
and 1.2mgh 1ge! for the supported bimetallic catalysts with
Ti300, Ti500 and Ti700 as the support, respectively, indicative
of the highest catalytic activity of Pt(5)-Cu(1.25)/Ti300 among
the catalysts. The low catalytic activity of Pt(5)-Cu(1.25)/Ti700 is
understandable, which can be mainly attributed to the low BET
surface area and the crystalline phase of Ti700. The low BET sur-
face area of Ti700 (1.1 m2 g~1) results in low metal dispersion and
large metal particles and thus few active sites for nitrate reduc-
tion can be rationally expected. In addition, Ti700 consists of rutile
phase, which is believed to be less photocatalytically active com-
pared to anatase phase [61]. The higher photocatalytic activity of
Pt(5)-Cu(1.25)/Ti300 than that of Pt(5)-Cu(1.25)/Ti500 seems con-
tradictory to the fact that TiO, with high anatase content generally
shows higher photocatalytic activity compared to that with low
anatase content [62,63]. It is noteworthy that the higher BET sur-
face area of Ti300 compared to Ti500 leads to a higher Pt—Cu alloy
dispersion and to smaller metal particle sizes, giving rise to more
active sites for the reduction of nitrate and nitrite and to enhanced
Schottky barrier effect [64]. Furthermore, the enhanced photocat-
alytic activity by metallization is generally more prominent for
TiO, with lower anatase content [65,66], which eventually results
in a higher catalytic activity of Pt(5)-Cu(1.25)/Ti300 compared to
Pt(5)-Cu(1.25)/Ti500. For N, selectivity, XRD results, IR spectra
of CO adsorption and XPS analysis demonstrate the similar com-
position of Pt-Cu alloy present in both Pt(5)-Cu(1.25)/Ti300 and
Pt(5)-Cu(1.25)/Ti500 and, therefore, a similar N, selectivity can be
expected. The slightly higher N, selectivity of Pt(5)-Cu(1.25)/Ti300
than Pt(5)-Cu(1.25)/Ti500 is probably attributed to the comparably
high rate of nitrate reduction to nitrite, leading to a high adsorbed
nitrite concentration on Pt metal surface and eventually to the facile
generation of N-N bond over Pt metal surface [67,68].

Pt/Cu ratio is also an important factor controlling the pho-
tocatalytic behavior of supported bimetallic catalyst. A high
content of Cu or Pt favors nitrate conversion to nitrite or
nitrite to Ny/ammonia, respectively. The photocatalytic nitrate
reduction over Pt(5)-Cu(0.83)/Ti300, Pt(5)-Cu(1.25)/Ti300 and
Pt(5)-Cu(2.5)/Ti300 is presented in Fig. 9. The photocatalytic activ-
ities were 1.1, 9.1 and 9.8 mgh~1 gc,~! for Pt(5)-Cu(0.83)/Ti300,
Pt(5)-Cu(1.25)/Ti300 and Pt(5)-Cu(2.5)/Ti300, respectively, indi-
cating an enhanced catalytic activity of supported bimetallic cata-
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lyst with increased Cu content. In contrast to Pt(5)-Cu(0.83)/Ti300
and Pt(5)-Cu(1.25)/Ti300, a substantial nitrite was found to be
residual even after reaction for 4 h for the photocatalytic nitrate
reduction over Pt(5)-Cu(2.5)/Ti300. IR spectra of CO adsorption
indicates a low Cu content in Pt-Cu alloy in Pt(5)-Cu(0.83)/Ti300,
resulting in a low rate of nitrate conversion to nitrite as well as
low catalytic activity. In contrast, CO adsorption demonstrates the
presence of Cu rich Pt-Cu alloy in Pt(5)-Cu(2.5)/Ti300, giving rise
to a higher nitrate conversion rate. However, the high Cu content
in Pt-Cu alloy correspondingly leads to fewer Pt sites, which is
detrimental to further nitrite conversion to N /ammonia.

The catalytic behavior of the supported bimetallic catalysts
is also dependent on the metal loading amount. Fig. 10 shows
photocatalytic nitrate reduction over Pt(3)-Cu(0.75)/Ti300,
Pt(5)-Cu(1.25)/Ti300 and Pt(7)-Cu(1.75)/Ti300. The catalytic
activities were found to be 1.2, 9.1 and 49mgh!gc !
for Pt(3)-Cu(0.75)/Ti300, Pt(5)-Cu(1.25)/Ti300 and
Pt(7)-Cu(1.75)/Ti300, respectively. The lower nitrate conver-
sion over Pt(3)-Cu(0.75)/Ti300 is attributed to the fewer metal
sites for the reduction of nitrate and nitrite. The nitrate reduction
was markedly enhanced over Pt(5)-Cu(1.25)/Ti300, while further
increasing metal loading leads to a decreased catalytic activity.
Although a relatively large amount of active sites for the reduction
of nitrate or nitrite are available over Pt(7)-Cu(1.75)/Ti300, the
high metal loading may also be detrimental to the photo-induction
effect of TiO, support via the shield-effect [59,60]. In addition, the
catalyst with higher catalytic activities shows higher N, selectivi-
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Fig. 10. Catalytic activities and N selectivities of Pt(3)-Cu(0.75)/Ti300,
Pt(5)-Cu(1.25)/Ti300 and Pt(7)-Cu(1.75)/Ti300. Filled symbols denote catalytic
activities and open symbols denote N, selectivities.

ties. The higher N, selectivity can be attributed to the high nitrite
coverage on metallic Pt sites due to higher nitrate conversion rate,
leading to the facile generation of N, instead of ammonia [67,68].

4. Conclusions

In this study, TiO, supported Pt—Cu bimetallic catalysts were
tested for the photocatalytic removal of aqueous nitrate in the
presence of benzene. In contrast to the supported monometal-
lic catalysts, TiO, supported Pt-Cu bimetallic catalysts are proved
to be active for selective nitrate reduction. The catalytic behav-
ior of the bimetallic catalyst for photocatalytic nitrate reduction
is strongly associated with the properties of TiO, supports, metal
loading amount and Pt/Cu ratio. High Pt—Cu alloy dispersion as well
as small metal particle size can be achieved over TiO, calcined
at low temperature, which favors the selective nitrate reduc-
tion. Increasing Cu content in the bimetallic catalysts leads to the
increased Cu content in Pt-Cu alloy and enhances nitrate reduction
to nitrite, while high Cu content in Pt-Cu alloy is detrimental to N,
selectivity of the bimetallic catalysts. Higher metal loading provides
more active sites for nitrate reduction, whereas the excessively high
metal loading invokes the shield-effect which suppresses the cat-
alytic activity and N, selectivity of the catalyst for photocatalytic
nitrate reduction.
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